Virgin olive oil (VOO) is considered to be one of the main components responsible for the health benefits of the Mediterranean diet, particularly against atherosclerosis where peripheral blood mononuclear cells (PBM-NCs) play a crucial role in atherosclerosis development and progression. The objective of this article was to identify the PBMNC genes that respond to VOO consumption in order to ascertain the molecular mechanisms underlying the beneficial action of VOO in the prevention of atherosclerosis. Gene expression profiles of PBM-NCs from healthy individuals were examined in pooled RNA samples by microarrays after 3 weeks of moderate and regular consumption of VOO, as the main fat source in a diet controlled for antioxidant content. Gene expression was verified by qPCR. The response to VOO consumption was confirmed for individual samples (n ϭ 10) by qPCR for 10 upregulated genes (ADAM17, ALDH1A1, BIRC1, ERCC5, LIAS, OGT, PPARBP, TN-FSF10, USP48, and XRCC5) . Their putative role in the molecular mechanisms involved in atherosclerosis development and progression is discussed, focusing on a possible relation with VOO consumption. Our data support the hypothesis that 3 weeks of nutritional intervention with VOO supplementation, at doses common in the Mediterranean diet, can alter the expression of genes related to atherosclerosis development and progression. 7
Introduction
A LARGE BODY OF LITERATURE indicates that diet is one of the most important modifiable determinants for the risk of developing cardiovascular diseases (CVDs) (Brunner et al., 2008; Iqbal et al., 2008; Kromhout, 2001; Ordovas et al., 2007; Srinath et al., 2004) . The Mediterranean diet, wherein olive oil is the main source of fat, has been shown to be protective against cardiovascular diseases (CVDs) and certain cancers (Trichopoulou et al., 1995 (Trichopoulou et al., , 2003 . Virgin olive oil (VOO) is a functional food that contains a high level of monounsaturated fatty acids (MUFA) and a number of minor components. These minor components are classified into two types: the unsaponifiable fraction, and the soluble fraction, which includes the phenolic compounds.
Only recently has VOO been acknowledged as being more than a monounsaturated fat, because its phenolic content provides benefits for plasma lipid concentrations and oxidative damage Machowetz et al., 2007) . It is believed that the health benefits derived from the consumption of VOO (Estruch et al., 2006; Machowetz et al., 2007) are due to the interaction of its nutrients and minor components with genes, thus influencing their expression (i.e., nutritional transcriptomics). Some of the gene expression-mediated mechanisms underlying the beneficial health effects of particular components of olive oil in humans have been already examined in vitro and in animal models. In one report in cell culture, it was shown that olive oil polyphenols inhibit p38/CREB phosphorylation resulting in downstream reduction in COX-2 expression (Corona et al., 2007) .
Other reports support the idea that components other than polyphenols from olive oil (e.g., oleanolic acid) may modu-late gene expression and upregulation of eNOS protein expression, resulting in an improvement of vasorelaxation in hypertensive rats (Rodriguez-Rodriguez et al., 2007) . These findings in cell culture or in animal models are relevant in terms of understanding the interactions of dietary components and gene expression. These experimental models are limited, however, by use of doses/concentrations higher than those encountered in the diet, and difficulties in extrapolating data to humans and clinical practice. A better understanding of the interaction between diet components and human genetic makeup is thus essential to gain mechanistic insights. This may also help to identify individuals who are more likely to display beneficial or toxic responses to dietary interventions (Ordovas et al., 2007) .
The peripheral blood mononuclear cells (PBMNCs) play a critical role in the inflammatory pathways that lead to atherosclerosis (Langheinrich and Bohle, 2005; Ross, 1999) . The identification of PBMNC genes responding to VOO consumption might offer insight on the biological molecular mechanisms underlying the beneficial action of VOO on human health, particularly in prevention and protection against atherosclerosis. To date, there have been no intervention studies with VOO in humans where the possible interaction between VOO and gene expression has been investigated.
In this exploratory study our objective was to (1) determine whether appreciable changes in PBMNC gene expression after 3 weeks of sustained VOO consumption could be observed and, (2) discuss the putative mechanistic role of the genes whose expression is modulated by VOO consumption. It is anticipated that these findings may serve as a baseline rationale to design future long-term prospective dietary interventions with VOO for prevention of CVDs and to discern the attendant molecular genetic mechanisms.
Materials and Methods

Description of the dietary intervention: Characteristics of olive oil
The VOO used in this investigation was of Spanish origin and had been utilized in former studies as well (Estruch et al., 2006) . Fatty acid composition, ␣-tocopherol, ␤-carotene, and total phenolic content of VOO were determined as described previously (Gimeno et al., 2000; Satue et al., 1994; Singleton and Ross, 1965 ) (see Supplemental Table 1 for result; see online supplementary material at www.libertonline.com).
Description of the subjects
Six healthy male (aged 22-28) and four female (aged 20-44) volunteers were recruited. The institutional ethics committee (CEIC-IMAS) approved the protocol and the participants signed an informed consent. All volunteers were healthy on the basis of a physical and medical examination and standard biochemical and haematological tests. Because of the limited number of females the data analysis considered two experimental groups: males (n ϭ 6) and a combined group (n ϭ 10, including females). Subjects had an average weight of 74.1 Ϯ 11.7 kg and 67.2 Ϯ 13.1 kg, and a body mass index (BMI) of 24.5 Ϯ 3.5 kg/m 2 and 23.4 Ϯ 3.1 kg/m 2 for males and for the combined group, respectively. Five subjects were smokers (three males and two females).
Study design, dietary control, VOO administration, and sample collection
Prior to the dietary intervention, volunteers followed a 1week washout period in which sunflower oil was provided as a source of fat for all purposes. During the first 4 days of the washout period, participants were asked to follow an antioxidant-controlled diet. [Participants were not permitted to eat per day more than: two pieces of fruit, two servings of vegetables or legumes, two cups of tea or coffee, and were instructed to avoid wine, beer, and olive oil.] During the last 3 days of washout and on the intervention day, volunteers followed a strict low-phenolic compound diet. [Phenolic-rich foods (vegetables, legumes, fruit, juice, wine, coffee, tea, caffeine-containing soft drinks, beer, cacao, marmalade, olive oil, and olives) were completely excluded from the participants' diet.] On the first intervention day, at fasting state, 50 mL (44 g) of VOO were administered in a single dose with bread (200 g). During the following days, and for 3 consecutive weeks, volunteers consumed 25 mL (22 g) of VOO per day. Female volunteers were scheduled to start the intervention at the beginning of their follicular phases. Therefore, a period of 4 weeks was chosen for this study as the most practical one with respect to female volunteers' participation and to ensure adherence to the dietary intervention.
Blood and spot urine were collected at 8 a.m. at fasting state: at the beginning of the washout period; prior to VOO consumption on the first intervention day; and at the end of each week during 3 consecutive weeks. Blood samples were used for RNA extraction, biochemical analyses, and in combination with urine samples to ascertain treatment adherence.
Gene expression experiments were performed with samples collected prior to VOO consumption on the first intervention day and at the end of the intervention 3 weeks later. PBMNCs were isolated within 2 h after blood draw using Vacutainer CPT Tubes (Beckton Dickinson, Franklin Lakes, NJ) according to the manufacturer's instructions. Harvested PBMNCs were preserved in 1 mL of Ultraspec ® solution (Biotecx Laboratories, Houston, TX) and were stored at Ϫ80°C prior to RNA extraction.
RNA sample preparation
A previously validated RNA isolation procedure (Khymenets et al., 2005) was applied for total RNA (RNA) extraction from Ultraspec ® preserved PBMNCs. RNA concentration (A 260 ) and RNA purity were estimated spectrophotometrically (NanoDrop ® ND-1000, NanoDrop Technologies, DE). RNA integrity was assessed by microcapillary gel electrophoresis (Bioanalyzer, NanoChip, Agilent Technologies, Wilmington, DE) and was estimated by the RIN value (RNA integrity number) using Agilent 2100 Expert Software (http:/ /www.chem.agileny.com/scripts). The purity of isolated individual total RNA samples was greater than 1.8 by A 260 /A 280 and 1.75 by A 260 /A 230 , with integrity values not lower that 8.5 by RIN.
The weight equivalents of individual RNA samples of males corresponding to baseline and to 3-week intervention were combined into two RNA pools, respectively. The pooled RNA samples were concentrated using the RNeasy Mini Elute Cleanup system (Qiagen, Barcelona, Spain) to the concentration (0.1 g/L) required by the microarray ser-KHYMENETS ET AL. 8 MONONUCLEAR CELL TRANSCRIPTOME RESPONSE 9 vice. The prepared RNA pools were of excellent quality: 1.9 by both A 260 /A 280 and A 260 /A 230 ratios and 9.0 by RIN. Pooled and individual RNA samples were stored at Ϫ80°C prior to use. All reagents, plastic ware, and supplies used were sterile, nuclease free, and of molecular biology grade.
Microarray experiment
Genome-wide expression profile analysis of PBMNCs was performed using the Human Genome Survey Microarray V2.0 (Applied Biosystems), which contains 32,878 probes representing 29,098 individual human genes. Three aliquots of pooled total RNA samples, corresponding to baseline and after a 3-week period of VOO consumption, were normalized and analyzed according to the assay protocol standardized for the Human Genome Survey Microarray V2.0 at the National Centre of Cardiovascular Investigation (CNIC, Madrid, Spain). The log2-transformed data were used for the analyses. The identification of genes which were up-and downregulated by VOO ingestion was performed by comparing the gene expression in PBMNCs at baseline and after the 3-week intervention. The cutoffs of Ϫ0.5 and 0.5, corresponding to fold changes of 1.41 (upregulated) and Ϫ1.41 (downregulated), at p Ͻ 0.05, were selected on the basis of the variability observed in baseline and intervention samples, both carried out in triplicate (Fig. 1A) . The complete sets of microarray data can be accessed from GEO with accession number GSE10590 (http:/ /www.ncbi.nlm.nih.gov/ projects/geo/)
Expression profile representation analysis
In order to identify the over-and underrepresented gene ontology (GO) categories specific for PBMNC expression profile, as well as in the set of differentially expressed genes, a GO analysis using the PANTHER Classification System (http:/ /www.pantherdb.org/) (Mi et al., 2007; Thomas et al., 2003) was applied. AB Primary Gene ID probes were used in the comparison of the gene lists. First, array data for expressed probes (present and differentially expressed, n ϭ 13,568), obtained from the intervention study with reference to baseline, were compared with the gene list of the AB Human Genome Survey Microarray V2.0 (n ϭ 25,909) which represents the expression profile of the whole human genome. For each ontology category (biological processes, molecular function, and pathways) PANTHER calculates the number of probes identified in that category in both PBM-NCs and reference AB Human Microarray probe lists, and compares these results using the binominal test (Thomas et al., 2006) . The PBMNC-specific gene expression profile identified in this manner was used as a reference probe list in comparative GO analysis for differentially expressed genes. In both cases, over-and underrepresentation were defined by p Ͻ 0.05 according to binominal tests ( Supplementary  Table 2A and 2B). The hierarchy of ontological categories was expressed according to the PANTHER nomenclature.
Gene selection
Subsequent to the microarray data analysis, a set of genes was chosen for validation by qPCR based on their degree of expression changes (M-value), p-values (t-test), B probability (B-statistics) ( Fig. 1B) and their role in the development of atherosclerosis and/or cardiovascular pathology, according to the published data (PubMed database (http:/ / pubmed.gov) of the U.S. National Library of Medicine) ( Fig.  1C and Supplemental Table 3 ).
qPCR experiment cDNAs were generated from pooled and individual total RNA samples using the High Capacity cDNA RT Kit (Applied Biosystems, Foster City, CA), according to the manufacturer's instructions. RT was performed in duplicates for each RNA sample and all generated cDNAs were kept at Ϫ20°C prior to quantification by PCR. mRNA expression of 23 genes (Fig. 1C and Supplemental Table 3 ) was measured by real-time PCR using TaqMan ® Low Density Micro Fluidic Cards (custom array) on the AB 7900HT™ instrument and analyzed by Sequence Detection System 2.0 software according to the manufacturer's instructions (Applied Biosystems). Four replicates were run for every RNA sample, two PCR replicates per cDNA replicate. The GAPDH expression was used in normalization. The baseline pooled RNA was used as a calibrator in all relative-relative quantification (Livak and Schmittgen, 2001) . The conversion of log2 (ratio) to fold change was performed as follow: Fold Change ϭ (Ϫ1) ϫ 2 Ϫ(log2 (ratio)) and Fold change ϭ 2 (log2 (ratio)) for log2 (ratio) Ͻ 0 and Ն0, respectively.
Markers of VOO consumption
Plasma and urine concentrations of hydroxytyrosol (HO-TYR), tyrosol (TYR), and homovanyl alcohol (HVAlc) were used as markers to control the washout period and VOO consumption using a previously described method (Miró-Casas et al., 2003) .
Fasting glucose, lipid profile, inflammation, and oxidative stress markers
Glucose, total cholesterol, HDL cholesterol, and TG concentrations were determined by enzymatic methods in a Pentra 4000 Autoanalizer (Horiba ABX Diagnostics, Montpellier, France). LDL cholesterol levels were calculated using the Friedewald formula (Friedewald et al., 1972) . Circulating oxLDL level in plasma was measured by enzyme-linked immunosorbent assay using the mAb-4E6 antibody (Mercodia AB, Uppsala, Sweden) (Holvoet et al., 2001) . Plasma lipid peroxides were assessed by the thiobarbituric acid reactive substance (TBARS) method as previously described .
Statistical analysis
Due to the small sample size (by the Shapiro-Wilk normality test) the changes in all biochemical blood parameters were analyzed using the Wilcoxon signed rank test. Data were expressed as a median (interquartile range) for parameters with a nonnormal distribution in the population and as mean (standard deviation) for normally distributed ones, where changes with p-value less than 0.05 were considered significant.
For microarray data analysis, the SpotFire software was used to determine statistically significant changes in the expression of genes. The data on gene expression were presented in M-values [log2 (ratio)] expressing a fold change af-ter 3 weeks of VOO consumption compared to that at baseline point, and the corresponding t-and P-, B-values and Bprobability (according to M, Student's t-and B-statistics, respectively).
The normality of log2 transformed data obtained by qPCR in the group of males (n ϭ 6) and the combined group (males plus females) (n ϭ 10) of individuals was assessed using the Shapiro-Wilk test. The data were expressed as mean (SD), and the one-sample Student's t-test was used for the evaluation of changes in gene expression. Significance was classified into two levels: a significant change at p-value less than 0.05 or 0.01, and a highly significant one at p Ͻ 0.001.
The data input for correlation studies (Spearman's test) between the microarray and qPCR results for the gene set was the log2 (ratio) value for pools by microarray (M-value) and qPCR, and a mean of log2 (ratio) values recorded in male individuals. All statistical tests were performed using the SPSS 12.0 software.
Results
Subject characteristics and blood biomarkers
Concentrations of all examined biomarkers were within the normal range and no alterations were observed in their levels after 3 weeks of VOO intervention compared to baseline, except for the total level of TG that was slightly lower after the intervention (p Ͻ 0.05, by Wilcoxon test for the common group, Table 1 ).
Dietary compliance
Subjects were adherent to the dietary intervention as evidenced by the plasma and urine concentrations of TYR, HOTYR, and HVAlc after VOO intervention at the morning fasting stage of each weekly visit (Supplemental Fig. 1 ).
PBMNC gene expression profile
In order to estimate the specificity of PBMNC gene expression profiles, we compared the list of all expressed Primary Gene probes to a whole set of AB Human Genome Survey Microarray V2.0 Primary probes, using GO analysis by PANTHER Classification System. Thus, 13,568 Primary Gene ID probes corresponding to 15,308 transcription probes were identified as being expressed in PBMNCs. The list of significantly over-and underrepresented PBMNCs categories and the GO analysis results are available as Supplemental Table  2A and 2B.
PBMNC transcriptome response to midterm VOO consumption
The identification of up-and downregulated genes by comparison of PBMNC gene expression at baseline with that after 3 weeks of VOO consumption was performed using a combination of cutoffs selected on the basis of M-and Student's t-statistics: log2 (ratio) i (M) Ն 0.5 (upregulated) and Յ Ϫ0.5 (downregulated) (by 1.41-and Ϫ1.41-fold changes, respectively) at p Յ 0.05. Using this arrangement, 1,659 Primary Gene probes were found to have their transcription significantly changed (Fig. 1A ). Among these, the expression of 1,034 primary probes (7.6%) was upregulated and 628 probes (4.6%) downregulated. In total, the observed expression changes after 3 weeks of VOO administration were not higher than 1.85 for up and Ϫ1.24 for downregulation by log2 (ratio) (3.61 and Ϫ2.36 fold change, respectively).
We performed an estimation of over-and underrepresented GO categories in the differentially expressed detected probes, comparing them to the set of PBMNC expressed probes as a reference list. The most significant over-and underrepresented categories whose representation changed after 3 weeks of VOO consumption are listed in Table 2 . Amongst these, significantly (p Ͻ 0.05) overrepresented categories were mainly within upregulated probes, and underrepresented within downregulated ones. No significant changes in the representation of pathways were observed.
Selection of candidate genes
The previously filtered data were sorted by B-probability value of not less than 20% (B-value Ͼ Ϫ1.38). According to this new cutoff, 317 annotated genes were identified as being potential responders to 3 weeks of VOO consumption (Fig. 1B) . These genes were used in the selection of candidate genes, based on published reports concerning their direct or indirect connection with those molecular processes responsible for development and/or progression of atherosclerosis or/and cardiovascular pathologies. Twenty three candidate genes were chosen according to the previously mentioned criteria (Fig. 1C and Supplemental Table 3 ).
Microarrays and real-time qPCR correspondence
The selected genes were further tested by real-time quantitative PCR using the pooled samples from microarray experiments and the corresponding original individual samples (from six males). Although a significant correlation of 0.75 and 0.85 (r 2 by Spearman, p Ͻ 0.001 for both pooled and individual samples, respectively) was observed between microarrays and qPCR log2 (ratios) (Fig. 2) , the changes in expressions were only confirmed by qPCR in both groups of samples for 13 genes (Supplemental Table 4 ). For the rest of the genes (n ϭ 10), their preliminary detected downregulation was ruled out by one or both qPCR experiments ( Fig. 3) . Finally, 10 genes, whose expression changes were confirmed by both qPCRs, and which were shown to be highly significant (p Ͻ 0.001) according to the qPCR analysis in a group of individuals ( Supplemental Table 4 ), were considered to be responders to the 3-week VOO consumption (Fig. 3) .
To estimate whether the changes induced by 3 weeks of VOO consumption in male PBMNC gene expression could be extrapolated to a combined sample (where females were also included), a separate set of qPCR experiments were performed on individual total RNA samples obtained from female volunteers (n ϭ 4) participating in the study. To minimize a possible hormone-dependent variability in PBMNC expression systems for females, sample collection was performed at the beginning of the follicular phases. Individualized changes in the expression of 23 genes of all the individuals according to sex are represented in Fig. 4 . The results grouped for the males and the combined sample are listed in Supplemental Table 5 .
All genes previously defined as being significantly upregulated after a 3-week VOO intervention in males showed a significant increase in their expression in the common group ( Supplemental Table 5 ). Moreover, the previously identified strong responders (ADAM17, ALDH1A1, BIRC1, ERCC5, LIAS, OGT, PPARBP, TNFSF10, USP48, and XRCC5) to 3 weeks of VOO consumption within the male group (p Ͻ 0.001) still displayed highly significant upregulation (p Ͻ 0.001) in the combined sample ( Fig. 4) .
Discussion
In the present exploratory nutrigenomics study we have compared the PBMNC gene expression profiles after a 1week washout period and following a 3-week consumption of VOO as a principal fat source for healthy human volunteers in a diet low in natural antioxidants. The results contribute toward a foundation to gain novel biological insights into the molecular mechanism underlying the beneficial effects of VOO on the prevention of, and protection against atherosclerosis. Plasma and urine concentrations of olive oil phenolic compounds confirmed adherence by the subjects to the nutritional intervention.
Midterm (3 weeks) regular and moderate consumption of VOO did not significantly influence inflammation and oxidative stress markers, glucose, and lipid profiles (total cholesterol, LDL, and HDL cholesterol concentrations). The lack of significant changes in these parameters is in contrast to previous reports where slight but significant changes in HDL cholesterol and some oxidative markers (e.g., oxLDL) were noted in healthy male individuals after 3 weeks sustained consumption of VOO . This could be ex-plained by high interindividual variability and a small number of participating subjects in the present study. In addition, we recommend that future studies control for the putative menstrual cycle-dependent changes in gene expression and include a larger number of female subjects (Badeau et al., 2005) . Nevertheless, a modest but significant decrease in concentration of plasma TG, particularly in the combined sample, was observed. A change in TG plasma levels might be explained either by (1) the change to MUFA oils as a main fat source (Allman-Farinelli et al., 2005; Kris-Etherton et al., 1999; Trichopoulou et al., 1995) , and/or (2) the changes in VLDL composition, which can vary according to the type of dietary MUFA (Ruiz-Gutiérrez et al., 1998) as was reported for the postprandial stage (Abia et al., 2001) .
Prior to the differential gene expression analysis, an expression signature of PBMNCs was examined. Evidently, lymphocytes and monocytes have a large number of genes whose expression can distinguish their profile from the whole genome expression set ( Supplemental Table 2A and B). A broad spectrum of GO classes (biological process, molecular function, and pathways) was specifically over-and underrepresented in PBMNCs. On the one hand, the underrepresented biological categories were related to the expression of genes involved in certain morphological and physiological cellular specialization not intrinsic for PBMNCs. On the other hand, the overrepresented categories were adequately related to the cellular activities of PBMNCs as immunological cells, combining the gene expression patterns of different classes of lymphoid and, to some extent, of myeloid (monocytes) tissues (Hashimoto et al., 2003; Palmer et al., 2006) . This specific PBMNC gene expression profile was used as a reference profile in the GO analysis of differentially expressed genes. Changes in the expression of genes were expected to be modest because: (1) the study was performed in healthy volunteers whose gene expression was within the normal variation, and (2) the VOO, itself a component of a normal diet, was supplemented in nutritional doses, and therefore, was not expected to provoke large alterations in gene expression. Nevertheless, the expression of genes is believed to be more sensitive to the nutritional intervention than biochemical parameters. Keeping in mind these constrains, the cutoffs we applied for the selection of differentially expressed genes were of low range. We took into consideration any possible candidate gene whose expression could vary due to the dietetic supplementation we applied, although this alteration could be as slight as a 50% change.
A GO comparison of all differentially expressed and PBM-NCs expressed transcripts has revealed that the representa-tions of a number of the PBMNCs biological processes and molecular functions were considerably altered (Table 2) . These rearrangements were most expressed in upregulated and, to a lesser extent, in downregulated genes. Thus, transcriptional factor regulation was misrepresented in both upand downregulated groups, the most outstanding being the overrepresentation of basal transcription factors among the upregulated genes. Ribonucleoproteins, the posttranscriptional regulators (Glisovic et al., 2008) , were responsible for both the overrepresentation of pre-mRNA processing and mRNA splicing in upregulated genes. The downregulation of ribosomal protein transcripts, usually highly expressed in lymphoid cells (Murano et al., 2008) , indicated some alteration in the translational regulation (Mauro and Edelman, 2002) of these cells. An excessive amount of chaperone transcripts in the upregulated gene group, among the ones most related to nucleophosmin-1 transcripts, indicated that changes had taken place in protein metabolism and modification, and particularly in the regulation of rRNA genes (Murano et al., 2008) and acetylation-mediated chromatin transcription (Swaminathan et al., 2005) . Collectively, the GO analysis of the differentially expressed genes indicates that the midterm consumption of VOO could initiate changes in the regulation of transcription and translation activities of PBMNCs. It is of interest that the representation of genes belonging to the lipid, fatty acid, and steroid metabolism has shown some tendency to be altered after the VOO intervention (Table 2) . These changes could be related to the adaptive processes that cells developed toward the variation in the fatty acid supplementation caused by the diet (Duplus et al., 2000) .
In this study we focused our attention on the beneficial role of olive oil in the protection against CVDs. Our aim was to estimate whether some of the genes involved in atherogenesis could transcriptionally respond to the VOO dietary intervention, and, by extension, be considered as its potential targets of action. A list of genes differentially expressed in PBMNCs in response to the 3-week intervention with VOO was established on the basis of several statistical approaches. An extensive literature search concerning the possible interaction of these genes with, or involvements in atherogenesis was performed. Thus, based on the data reported in Supplemental Table 3 , we selected 23 genes of potential interest. The changes in modification of the expression of these genes were analyzed by qPCR in the microarray samples and in the individual RNA samples from the male subjects. We used the pooling sample approach in microarray analysis for two reasons: to optimize the research expenses associated with the study, and because this exploratory nutrigenomics experiment focused on the categorical gene expression response rather than discerning the full range of interindividual biological variation at the whole genome level in response to the VOO. The comparison between microarray and qPCR samples has shown that there was some inconsistency between the results obtained by these two methods. This lack of concordance between methods was only observed in genes with negative expression changes detected by microarrays (Supplemental Table 4, Fig.  3 ). This observation was not surprising due to the low magnitude of changes and the use of pooled samples, in agreement with the previously published observations (Morey et al., 2006) . Nevertheless, in our experience a strategy of pooled samples applied in this study for screening purposes
FIG. 2.
Comparison microarrays and quantitative real-time PCR reaction. The expression of 23 genes-ADAM17, ADAMTS1, ADRB2, ALDH1A1, ALOX5AP, BIRC1, CD36, DHCR24, ERCC5, GATA2, IFNG, IL23A, IL7R, IL8RA, LIAS, NMB, OGT, PPARBP, RGS2, TNFSF10, TRIB3, USP48, XRCC5-was studied both individually and in pooled samples by qPCR, normalized to the GAPDH gene, and relatively expressed using as a calibrator baseline pool of RNA. The mean values obtained for log2 (ratio) from individual analyses (see Supplemental Table 4 ) are plotted against the microarray values for pooled samples and are expressed as black triangles. The values obtained for pools used in microarrays (see Supplemental Table 4 ) are plotted against the microarray values for the same pooled samples and are expressed as gray rectangles. Strong concurrence was observed (R 2 ϭ 0.8499, y ϭ 1.277x Ϫ 0.606, p Ͻ 0.0001 and R 2 ϭ 0.7477, y ϭ 1.504x Ϫ 0.7381, p Ͻ 0.0001 for mean of log2 (ratio) individual and pooled samples, respectively).
was successful with upregulated genes, but failed in all downregulated ones. Finally, based on the results from qPCR verification, and introducing stronger selection criteria for differential expression, the following 10 genes were identified as potential responders to the VOO consumption: ADAM17, ALDH1A1, BIRC1, ERCC5, LIAS, OGT, PPARBP, TNFSF10, USP48, and XRCC5. To ensure that there was no bias due to sex (the male sample was used in the microarray experiment), gene expression was additionally analyzed in the four females participating this study. The results for the 10 genes previously obtained in the male sample were confirmed in the combined sample.
We note that the 10 upregulated genes identified in response to the VOO nutritional intervention were ascertained further for their involvement in pathways associated with the development and progression of atherosclerosis.
The ingestion of VOO can reduce the rate of oxidation of DNA (Machowetz et al., 2007) . Its phenolic content has been shown to modulate the oxidative/antioxidative status of healthy men who consumed a very low-antioxidant diet (Weinbrenner et al., 2004) . Human atherosclerosis is associated with DNA damage of both circulating cells and cells of the vessel wall. DNA damage may promote atherogenesis and, in advanced lesions, induce phenotypic changes such as cell senescence and cell death that promote unstable plaques (Mahmoudi et al., 2006) . Within our set of genes responding to the 3-week VOO consumption, two belong to the DNA repairing system: ERCC5 and XRCC5. The structure-specific endonuclease ERCC5 is an indispensable core protein of the nucleotide excision repair (NER) machinery where it carries out the incision of the damage and stabilizes the protein complex on the locally unwound DNA (de Laat et al., 1999) . ERCC5 suppresses UV-induced apoptosis through its endonuclease function (Clément et al., 2006) and also through the extrinsic apoptotic pathway involving caspases, but not p53 (Clément et al., 2007) . The expression of this gene, as with other members of NER, could be modulated by oxidative stress (Langie et al., 2007) . The XRCC5 is involved in mammalian DNA double-strand break repair process and in the mechanisms of genetic stability (Thacker and Zdzienicka, 2004) . Overexpression of XRCC5 plays an important role in the repair of DNA damage induced by radiation (Chang et al., 2006) .
The LIAS is currently at the early stages of investigation as very little is known about it because it was identified in humans (Stanchi et al., 2002) . Nevertheless, the protein encoded by this gene is localized in mitochondria, and plays an important role in ␣-(ϩ)-lipoic acid (LA) synthesis. LA is part of a redox pair as it is the oxidized partner of the reduced form DiHydroLipoic Acid (DHLA). Both the oxidized and reduced forms of LA are antioxidants (Bast and Haenen, 2003; Moini et al., 2002) . LA effectively attenuates high glucose-induced endothelial cell apoptosis, which could explain a role of LA in CVD (Meng et al., 2008) . A dietary LA supplementation inhibits the atherosclerotic lesion formation in mouse models of human atherosclerosis due to its anti-inflammatory, antihypertriglyceridemic, and weight-reducing effects, and therefore, may be a useful tool in the prevention and treatment of atherosclerotic vascular diseases .
Peroxisome proliferator-activated receptors (PPARs) are involved in cellular proliferation, differentiation, and apoptosis. PPAR activators have been shown to exert anti-inflammatory activities in different immunological and vascular wall cell types. PPARBP (PPAR Binding Protein) is a pivotal component of the complex that binds to nuclear receptors and a broad array of other gene-specific activators. Thus, PPARBP plays an important role in PPAR-␥ regulation (Ge et al., 2008) . PPAR-␥ is predominantly expressed in intestine and adipose tissue, and is an essential transcriptional mediator of adipogenesis, lipid metabolism, insulin sensitivity, and glucose homeostasis. It is also a key player in inflammatory cells in CVDs such as hypertension, cardiac hypertrophy, congestive heart failure, and in atherosclerosis (Duan et al., 2008) .
ALDH1A1 is a gene constitutively expressed in various tissues. Downregulation of ALDH1A1 has been observed in a number of chemically induced tumors, although the molecular mechanism and the implication of this decreased expression of the ALDH1A1 remain to be elucidated (Vasiliou et al., 2000) . Endogenous aldehydes are formed during the metabolism of various alcohols, amino acids, biogenic amines, vitamins, steroids, and lipids or during oxidative stress. They are long-term molecules and potent electrophiles that interact with cellular constituents, including proteins and nucleic acids (Esterbauer et al., 1991) . As a result, ALDHs are considered to be detoxifying enzymes. ALDH1A1 has a substrate preference for the aldehyde products of lipid peroxidation. Therefore, it is considered to protect cells from oxidative stress induced by lipid peroxidation (Choudhary et al., 2005) .
Apoptosis may be inhibited by BIRC1, which restricts apoptosis by interfering with caspases. Overexpression of BIRC1 has been shown to suppress apoptosis induced by a variety of stimuli including TNF, Fas, and growth factor withdrawal (Deveraux and Reed, 1999) . BIRC1, as a Nodlike receptor, is an intracellular innate immune sensor of microbes and danger signals that initiate early host responses and inflammasome formation, which are involved in the activation of inflammatory cytokines (Martinon, 2007) .
Another apoptosis-related gene identified in the present study is TNFSF-10, a member of the TNF superfamily of cytokines. It plays a major role in the development and progression of atherosclerosis by inducing inflammatory processes in vascular cells and promoting the initiation, progression, and stability of atherosclerotic plaques (Kavurma and Bennett, 2008) . TNFSF-10 is also an important factor in the immune response, as it has been shown to promote apoptosis of macrophages and lymphocytes. Its primary biological activity is apoptosis induction and its ability to selectively kill tumor and transformed cells, but not normal cells. Although TNFSF-10 is not constitutively expressed on the surface of the inactivated cells of the immune system, its expression is upregulated in response to stimulation with cytokines (Kayagaki et al., 1999) . The number of activated T cells is regulated by the phenomenon of activation-induced cell death where B cells are involved (Kemp et al., 2004) .
ADAM17, as a membrane-anchored metalloprotease, is required for the normal development and maturation of lymphocytes (Li et al., 2007) . It controls multiple signal transduction pathways through the proteolytic release of the extracellular domain of a host of membrane-bound factors and receptors (Solomon et al., 2007) . Its role is essential in the development and progression of atherosclerosis, as it is responsible for the proteolytic shedding of vascular cell adhesion molecule (VCAM), intercellular adhesion molecule (ICAM), and L-selectin (Blankenberg et al., 2003) ; of TNF and its receptors, which mediate cell adhesion molecules expression (Zhou et al., 2007) ; and of EGFR, responsible for vascular remodeling protein synthesis in vascular smooth muscle cells (Ohtsu et al., 2006) . In some cases, lymphocytes could be defined as the cellular source of ADAM17 with peak expression levels at maximum clinical disease severity (Kurz et al., 2005) . It has recently been shown that ADAM17 activity could be regulated by cholesterol movements in the cell membrane, altered by interaction with HDL (Tellier et al., 2008) .
OGT is responsible for the posttranslational modification of cellular proteins by ␤-O-linked N-acetylglucosamine (O-GlcNAc) moieties, and plays a significant role in signal transduction by modulating protein stability, protein-protein interactions, transactivation processes, and the enzyme activities of target proteins. Levels of O-GlcNAc represent a read out of nutritional availability and stress levels. The modification of proteins with O-GlcNAc represents a key posttranslational change that affects cellular function (Zachara and Hart, 2006) . OGT is a central factor for T-and B-lymphocyte activation and its overexpression sensitizes T and B cells toward activation (Golks et al., 2007) . OGT plays a critical role in the regulation of cell function and survival in the cardiovascular system, and may be involved in the adverse effects of metabolic disease on the heart (Fülöp et al., 2007) . Decreasing OGT expression blunted this response and diminished cell survival in response to stress, while increased levels of O-GlcNAc protected cells against the same stress. O-GlcNAc regulates both the rate and extent of the stress-induced induction of heat shock proteins, providing a molecular basis for these findings (Zachara et al., 2004) .
The USP48 was one of the genes whose expression was most significantly altered. Although data are limited concerning this gene and its role in humans, it could be of potential interest, as it is a member of the ubiquitin proteasome system (UPS). This system, principally responsible for the removal of damaged, oxidized and/or misfolded proteins (Goldberg, 2003) , is involved in a number of biological processes including inflammation, proliferation and apoptosis, all of which constitute important characteristics of atherosclerosis (Herrmann et al., 2004) . The ubiquitin-proteasome pathway plays a role in cellular defenses against oxLDL-induced toxicity (Vieira et al., 2000) . The USP48 gene encodes a protein containing domains that associate with the family 2 of ubiquitin carboxyl-terminal hydrolases, which are involved in the processing of polyubiquitin precursors and ubiquitinated proteins via deubiquitinating (Lockhart et al., 2004) . This protease was shown to be involved via NF-B regulation in the regulation of vascular permeability and, thus, in control of chronic inflammatory diseases such as atherosclerosis (Kempe et al., 2005) .
In conclusion, as a nutritional intervention VOO has wellestablished health benefits. By both activating the cell death pathway in certain cells and modulating the immune response, in combination with life style management, it may play a complementary antiatherogenic role. The present work suggests that VOO may be involved in several molecular pathways involved in antiatherogenic protection in humans in vivo. Defining gene expression signatures induced by this dietary agent may point toward potential targets for nutritional modulation of atherosclerosis risk in populations. It can be argued that one of the limitations of the study is the limited 3-week period of sustained VOO consumption. This design, however, permitted volunteers to be restricted to a strictly controlled low antioxidant diet, thus avoiding the interference of other antioxidants as well as other possible confounder variables, such as changes in life-style factors, which often mask the results of nutritional intervention studies. The 25-mL/day VOO dose administrated to the participants was close to that consumed in the traditional Mediterranean diet pattern (DAFNE (Data Food Networking), Dafne Reports, Dafne Publication II (July 13, 2004), http://www.nut.uoa.gr/english/index.asp?pageϭ202). These results collectively support future longer term prospective studies in larger cohort of subjects to discern the molecular genetic signatures underlying the beneficial effects of VOO on atherosclerosis risk.
